Purpose. Retinal oxygen tension (PO 2 ), photoreceptor oxygen consumption (QO 2 ), the local electroretinogram (LERG), and the vitreally recorded electroretinogram (ERG) were evaluated during retinal artery occlusion in the cat. The feasibility of supplying the retina with oxygen during occlusion by ventilation with 100% O 2 was evaluated.
determine if and under what conditions the choroid could supply the inner retina with enough oxygen to maintain the b-wave of the vitreal ERG. Occlusion of the retinal circulation results in total loss of the b-wave during air breathing in cats and monkeys. 9 Flower and Patz found that ventilation of cats with hyperbaric 100% O 2 was necessary to restore the b-wave after retinal artery occlusion by photocoagulation. 10 Contrastingly, Landers found that 100% O 2 ventilation at atmospheric pressure was adequate to maintain the ERG in cats with an occluded retinal circulation. 11 Ben-Nun et al also investigated the effect of 100% O 2 breathing on vitreal b-wave amplitude during retinal artery occlusion in cats. 12 After a glass probe was pressed onto the optic disk to stop blood flow in all retinal vessels, the cat was ventilated with 100% O 2 for 5 minutes and the b-wave returned to its control value. Unfortunately, in that study, the ERGs were not quantitatively evaluated. The ability of hyperoxia to maintain the b-wave of the local electroretinogram (LERG) during occlusion has not yet been examined. This is unfortunate because the LERG may be a more sensitive index of function than the b-wave summed across the entire retina.
. Others have measured the oxygen tension (PO 2 ) in or near the retina to determine whether oxygen could reach the inner retina from the choriocapillaris during hyperoxia. Landers found it possible to achieve normal preretinal PO 2 during retinal artery occlusion by having the cat breathe 100% O 2 at atmospheric pressure." Alder et al measured PO 2 across the cat retina during occlusion in light adaptation and found that 100% O 2 breathing could oxygenate the entire tissue. 13 The minimum PO 2 was at the vitreous surface and was approximately 25 mm Hg. They noted, however, that the retina may require other substances to maintain normal function. In contrast to the findings of Alder et al and Landers, Tsacopoulos et al measured PO 2 in the inner retina of the miniature pig when retinal arterioles were occluded with microspheres, and they reported no increase in PO 2 in the affected area during 100% O 2 breathing. 14 Still others have chosen to investigate the feasibility of supplying the inner retina with enough oxygen from the choriocapillaris by evaluating histologic sections or using psychophysical methods. Patz found that 95% O 2 breathing provided some protection for the inner retinal layers of rats with retinal artery occlusion, although there was always some cellular damage. 7 Anderson et al, however, found that vision did not improve in three human clinical cases of central retinal artery occlusion upon administration of 100% O 2 at atmospheric and hyperbaric (3 atm) pressures. 15 Similarly, Haddad and Leopold found no beneficial effects of hyperbaric (3 atm) oxygen in the treatment of two patients. 16 The patients in both studies, however, had already noted visual deficiencies many hours or even weeks before the treatment, so the retinal damage may have already been too extensive to be altered by oxygen therapy.
From these examples, it is clear that some evidence supports the use of 100% O 2 breathing as a means of supplying oxygen to the inner retina during retinal artery occlusion. There is, however, some question as to the conditions necessary to accomplish this and whether supplying oxygen to the tissue is sufficient to prevent cellular and functional damage. Because it is important to understand the changes in oxygenation of the retina that occur during retinal artery occlusion, a major goal of this work was to characterize the intraretinal PO 2 distribution during occlusion and to investigate the effects of illumination and breathing gas on retinal PO 2 . A related goal, not addressed in any previous studies, was to assess retinal function simultaneously on a local and a global basis by recording the local ERG in addition to the vitreal ERG.
METHODS

Animal Preparation and Recording
Except for the addition of a probe to occlude a retinal artery, the methods used in this work were identical to those described previously. 1718 Briefly, adult cats (4 to 5 kg) were anesthetized with sodium thiamylal (18 mg/kg intravenously) or ketamine (20 to 25 mg/kg intramuscularly) plus acepromazine (0.1 mg/kg). If ketamine was used, it was gradually replaced with sodium thiamylal. The head was mounted in a head holder, and the right eye was attached to a metal eye ring. During surgery, urethane (200 mg/kg loading dose; 22 to 44 mg/kg • hour maintenance dose) was gradually infused and was the anesthetic during recording. Animals were paralyzed with pancuronium bromide (0.2 to 0.3 mg/kg-hour) to prevent eye movements and were artificially ventilated. The cat's body temperature was maintained at 38°C, and stability of heart rate and femoral arterial pressure were continuously monitored as an indicator of level of anesthesia. In similarly prepared cats, but without muscle relaxation, lower doses of urethane were sufficient for maintenance of anesthesia. 19 In these experiments, we adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Double-barreled oxygen microelectrodes were used simultaneously to measure local voltage and PO 2 . 17 ' 20 Electrodes were calibrated in a temperaturecontrolled tonometer with 4%, 8%, 21%, and 50% to 75% oxygen alternately bubbled through saline or a solution containing 24 mM NaHCO 3 , 2 mM CaCl 2 , and 154 mM NaCl at 37°C. All mixtures, except the air, contained 5% to 6% CO 2 . The calcium-containing solution with a high PO 2 was used to test for electrode Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/933409/ on 04/19/2017 poisoning, which was noted in preliminary experiments. Certain electrodes functioned well until the cat was ventilated with 100% O 2 , and the microelectrode reached the choriocapillaris. Then the current suddenly decreased, probably because CaCO 3 was deposited on the surface of the cathode. 21 Electrodes that did not show this decrease in the calibrating solution were considered acceptable. The mean sensitivity of the electrodes used in the 11 experiments was 26.5 ± 7.4 mm Hg/pA (mean ± SD). Current was recorded using a picoammeter (model 614, Keithley Instruments, Cleveland, OH). Microelectrodes were introduced into the eye through a 15-gauge, thin-walled needle that could be rotated about its scleral insertion point by an attached manipulator.
Two Ag-AgCl electrodes were inserted into the vitreous through sealed 20-gauge needles. One of these served as the reference for the oxygen microelectrode. The other was used to record the ERG and was referenced to a Ag-AgCl scalp electrode sewn into tissue on the head. The LERG was recorded from the voltage barrel of the microelectrode and was referenced to the same scalp electrode. The ERGs were typically elicited with 4-second flashes of diffuse white light at or near rod saturation [~8.6 log quanta (555 nm)/(deg 2 sec)], 17 which produced maximum b-and c-waves. All ERGs were recorded under dark-adapted conditions using parameters given previously. 17 The ERG and LERG signals were filtered (bandwidth of 0 to 30 or 0 to 50 Hz), recorded on FM tape, and stored in computer files. The part of the record containing the b-wave was digitized at 100 Hz and the remainder at 20 Hz.
To record PO 2 profiles, the microelectrode was positioned in the desired area of the retina, i.e., an area supplied exclusively by the superior artery or a small secondary artery at the superior edge of the disk. The electrode was visualized by direct ophthalmoscopy, and the position of its tip was adjusted using the manipulator. The microelectrode was advanced into the dark-adapted retina stepwise, and occasionally a brief light flash was presented to elicit the LERG and thereby monitor the position of the electrode tip and the quality of the penetration. During some penetrations, 4-second flashes were presented every 30 fxm, and the LERGs were recorded. Vitreal ERGs were recorded simultaneously. The electrode was advanced into the choriocapillaris and was withdrawn at 2 fim/ second, resulting in a PO2 profile. To record profiles in the light-adapted retina, the retina was illuminated with diffuse white light at or near rod saturation during withdrawal of the electrode. The PO 2 currents were filtered through a 60-Hz notch filter and a 30-Hz low-pass filter and recorded on FM tape. The PO 2 profiles were digitized at 24 Hz, and 12 points were averaged to give an effective sampling rate of 2 Hz. The PO2 profiles contained 349 ± 47 points (mean ± SD; 177 profiles). All distances were corrected for the penetration angle of the microelectrode, which in the superior retina was taken to be 40° with respect to the retinal surface.
Arterial parameters were measured with a blood gas analyzer (model 158, Corning Medical and Scientific, Medfield, MA). During air breathing, the arterial blood gas values (mean ± SD) were: P a O 2 = 99.0 ± 6.3 mm Hg, P a CO 2 = 26.5 ± 3.1 mm Hg, and pH a = 7.399 ± 0.048 (n = 65 measurements in 11 cats). During 100% O 2 breathing, the arterial blood gas values (mean ± SD) were: P U O 2 = 449 ± 85 mm Hg, P a CO 2 = 24.4 ± 4.4 mm Hg, and pH a = 7.423 ± 0.054 (n = 47 measurements in 11 cats). Blood glucose was also measured several times during the experiment with a Glucometer II (Ames Division, Miles Laboratories, Elkhart, IN). The blood glucose was 217 ± 55 mg/dl (mean ± SD; n = 17 measurements in 10 cats). Although hyperglycemia is known to be a side effect of urethane anesthesia, 22 recent tests of the Glucometer II used in this study reveal that the machine may have been giving erroneously high values and that the correct average value was approximately 120 mg/dl. The mean arterial blood pressure was 133 ± 23 mm Hg (n = 11 cats), and the mean heart rate was 201 ± 44 beats/min (n = 15 measurements in 8 cats).
Occlusion of a Retinal Artery
A single retinal artery was irreversibly occluded by heat coagulation (2 cats) or reversibly occluded by pressing on the vessel at the edge of the optic disk with a glass ball (9 cats). The artery was either the superior retinal artery or a large secondary artery emerging at the superior edge of the optic disk temporal to the superior artery and vein. The occluder was inserted into the eye through a 19-gauge, thin-walled needle and was sealed using a silicone rubber boot. The needle was held in place and could be rotated about its entry point into the eye. The back of the probe was connected to a hydraulic microdrive (model 1207S, David Kopf Instruments, Tujunga, CA) so that it could be moved toward the retina. The success of the occlusion was evaluated by viewing the affected vessel through a direct ophthalmoscope.
Probes for the heat occlusions were made by sealing tungsten wire into a 0.5-mm glass capillary tube with epoxy. These probes had tip diameters of 100 to 125 fxm.. The probe was positioned just above a vessel, and voltage was applied using a cautery apparatus (model 26-255, Cameron Surgical Instruments, Chicago, IL). This resulted in occlusion of the retinal artery and a blanching of the vessel distal to the occlusion site. The glass occluders were made by pulling a 0.7-mm diameter glass tube in an electrode puller (Brown-Flaming P-77 micropipette puller, Sutter Instrument, San Francisco, CA) and then gendy heating the tip until a ball with a diameter in the range of 500 to 700 //m had formed. To occlude a retinal artery, the probe was pressed quickly onto the vessel at the edge of the optic disk. A cessation of flow was almost immediately evident, and often some backflow of groups of erythrocytes was visible. The vessel eventually blanched, and there were several yellowish gaps visible between sections of stagnant dark blood. Reliable occlusions were only achieved if the ball was pressed onto the vessel as it arose from the edge of the disk.
In 9 of the 12 cases of occlusion (two separate occlusions in one cat), LERG series were obtained after the occlusion. During 8 of those 9 occlusion episodes, the cats were ventilated with 100% O 2 . The duration of occlusion in these cats varied from 1 to almost 4 hours, with a mean duration of 2.38 ± 1.02 hours (±SD; n = 8 occlusions in 7 cats). For most of the duration of the occlusion (73% ± 5%), the cat was ventilated with 100% O 2 . The other cat (cat 96) was not exposed to hyperoxia during the occlusion. Instead, the retina was kept light adapted for 42 minutes (65%) of the 65-minute occlusion.
Terminology
In this article, retinal position will be discussed both in terms of distance from the choriocapillaris in /jm, x, when discussing diffusion modeling, and also as a percentage of retinal depth. The retina-vitreous interface was designated as 0% depth and was determined from the point at which the microelectrode touched the retina. The choriocapillaris was at 100% retinal depth and was determined by recording the transepithelial potential as the microelectrode crossed the retinal pigment epithelium. The term "inner retina," as used here, refers to the vascularized half of the retina closer to the vitreous, whereas the "outer retina" is the distal 50%, consisting almost entirely of the photoreceptor layers. The LERG refers to the potential between a microelectrode and a reference electrode near the orbit.
Preliminary Analysis of ERG, LERG, and PO 2 Data
The vitreal ERG was characterized by the average band c-wave amplitudes recorded simultaneously with LERGs during each penetration of the dark-adapted retina. For each ERG recording, the component amplitudes were determined by computer analysis of the digitized record. The b-wave amplitude was taken to be the maximum value between the onset and 250 msec after the onset of illumination. The c-wave amplitude was found by calculating the maximum average voltage over a 0.5-second interval between 1 second after onset of illumination and the offset of illumination.
Similarly, every LERG series recorded during penetration of the retina was characterized by a maximum b-and c-wave amplitude. The c-wave amplitude was determined in exactly the same manner as the vitreal c-wave amplitude. The b-wave amplitude in this case, however, was the maximum absolute value between stimulus onset and 250 msec after the onset. Occasionally, LERGs were contaminated by waveforms that appeared to be due to horizontal cell responses, and these distorted the true b-wave. Therefore, the maximum b-wave values found by the computer analysis were also checked by inspecting the response waveform. Typically, the maximum b-wave occurred at 40% to 60% depth and the maximum c-wave at approximately 90% depth. 9 The maximum c-wave was always found in the subretinal space and is actually the isolated retinal pigment epithelium (RPE) component of the vitreal c-wave, the RPE c-wave. 23 The PO 2 profiles were analyzed in several different ways. The PO 2 in the inner half of the retina was characterized by calculating two mean PO 2 values: the PO 2 in the most proximal portion of the retina, from 0% to 25% depth and the mean PO 2 between 25% and 50% retinal depth. These means were calculated because the presence of the retinal circulation makes any modeling of the inner retina difficult. A similar analysis of inner retinal PO 2 was used by Linsenmeier and Braun. 18 Outer retinal PO 2 was represented by the measured choriocapillaris PO 2 , P C O 2 .
Determination of Photoreceptor Oxygen Consumption
Oxygenation in the outer half of the retina was analyzed by fitting the diffusion model of Haugh et al 24 to the PO 2 profiles. In this model, the outer retina is viewed as a slab of tissue comprised of three layers, each with a different oxygen consumption rate (QO 2 ). Layer 1, which lies closest to the choriocapillaris, is assumed to have a negligible QO 2 , i.e., Qi = 0. If x denotes the distance from the choriocapillaris, then the boundaries of layer 1 are x = 0 (choriocapillaris) and x = L,. Layer 2 includes the tissue between x = L! and x = L 2 and is assumed to have a nonzero Q_O 2 , called Qg. The final layer extends from x = L 2 to x = L, the midpoint of the retina. Like layer 1, layer 3 has a negligible QO 2 (Q,, = 0). The PO 2 at the two boundaries at x = 0 and x = L are defined as P c and P L , respectively. The diffusion coefficient of oxygen in the retina, D, and the oxygen solubility, k, were assumed to be constant across the retina, and Dk was taken to be 2.84 X 10" 6 (ml O 2 -cm 2 )/(100 g-min per mm Hg). 18 As noted by Haugh et al, 24 half of the retina and is essentially photoreceptor QO 2 . This new consumption parameter is given by:
in which Lv is the thickness of the retina determined from the withdrawal of the electrode. The values of Q av were also multiplied by (Lv/D p ) 2 , which is a factor to correct for distortion caused by the electrode during withdrawal. 35 The parameter D p is the thickness determined during the penetration.
Experimental Protocol
The experimental protocol varied somewhat from cat to cat, depending on the behavior of the electrode and the condition of the eye and retina. The full experimental protocol was carried out in only two cats and possessed the features depicted in Figure 1 . Once the occluder probe and oxygen microelectrode had been positioned, control PO 2 profiles and LERG series were recorded. In the experiment shown in Figure 1 , profiles were recorded in light and dark adaptation (L and D in Fig. 1 ) during normoxia and hyperoxia. In 9 of 11 cats, only a subset of these were recorded, but profiles during dark adaptation and normoxia were always included. Once a set of control profiles was collected, a single retinal artery was occluded. In the experiment shown in Figure 1 , occlusion was performed during hyperoxia, but in five others the circu-527 lation was occluded during air breathing. During occlusion, another series of profiles and LERGs was recorded during normoxia and hyperoxia in darkness and in light. At least one dark-adapted LERG series and profile were recorded during air breathing. Except for one cat, at least one hyperoxic, dark-adapted LERG series and one PO 2 profile were recorded during the occlusion as well. Next, the probe was removed from the artery, and LERG series and PO 2 profiles were recorded again.
Statistics
For most of the results presented here, a mean value of each parameter of interest was determined for each occlusion episode. These values were then averaged to give a grand mean across all the cats, presented as means ± SD. When data were compared under the different conditions, two-tailed paired Rests of the mean values for each occlusion episode were always used. The differences were considered significant if P < 0.05.
RESULTS
The Dark-Adapted Electroretinogram During Occlusion
Local Electroretinogram During Occlusion. Local electroretinograms recorded in the dark-adapted retina of one cat at three retinal depths before and during occlusion are shown in Figure 2 . The LERGs in the first row were recorded in the proximal to middle retina, at approximately 40% to 50% depth, which is the location of the maximum b-wave amplitude. 9 In this study, all reported maximum b-wave amplitudes were recorded between 40% and 60% depth. The middle row shows LERGs recorded at approximately 60% depth, and the third row presents LERGs recorded in the subretinal space near the photoreceptor inner segments. The panels on the left show LERGs from the retina before occlusion while the cat was breathing air. The remaining LERGs were recorded during occlusion. The middle column of traces shows that the b-wave was obliterated by the occlusion when the animal was breathing air. The RPE c-wave increased during occlusion in this example.
The effect of occlusion on the maximum LERG b-wave amplitude during air breathing is shown in Figure 3a for 12 occlusions in 11 cats and substantiates the results reported for the individual cat in Figure 2 .
The mean values are presented in Table 1 . The bwave was usually obliterated by the occlusion, with amplitudes ranging from 0% to 15% (mean ± SD = 4.6 ± 5.1%; n = 12) of the control value. In 6 of the 12 occlusions, there was absolutely no evidence of a b-wave. In the other six experiments, a very small negative-going response was found, but usually only at one location, not across the entire retina (e.g., top, middle LERG at 48% depth in Fig. 2 ). The origin of this response is not known, but it did not have the characteristics of a typical b-wave. The loss of the b-wave was expected based on previous work. 9 The effects of occlusion on the RPE c-wave are shown in Figure 3b and Table 1 . A paired Mest showed no difference between the RPE c-wave before and during occlusion while the animal breathed air (Table 1) , but in 5 of the 12 occlusions, there was an increase in the RPE c-wave amplitude of 20% or greater (Fig.  3b) . When decreases were observed, they tended to be small and were probably the result of variation between profiles. Thus, occlusion of the retinal artery had no predictable effect on the RPE c-wave, but if it did alter the component, it tended to increase its amplitude.
The right column of Figure 2 shows that inspiration of 100% O2 during occlusion was able to maintain partially the LERG. In this example, the b-wave and RPE c-wave were of almost normal amplitude during hyperoxia. The cumulative results are shown on the far right of Figures 3a and 3b and in Table 1 . The maximum b-wave amplitude was always larger during occlusion when the cat was ventilated with 100% O 2 rather than with air (P < 0.001; n = 11) but seldom reached the preocclusion amplitude (Fig. 3a) . The maximum b-wave amplitude during occlusion and inspiration of 100% O 2 averaged 54.5% ± 26.1% of the preocclusion value during air breathing and was significantly smaller than the preocclusion value (Table 1).
In Figure 3b , it is clear that the RPE c-wave amplitude might have changed inconsistently during occlusion on air but that 100% O 2 breathing brought the amplitude back to almost the normal level.
Vitreal ERG During Occlusion. In all the occlusions included in this study, either the superior artery or a large secondary vessel coming off the disk superiorly was occluded. Based on sketches of the cat fundus, 26 it is probable that 15% to 25% of the retina was directly affected by the occlusion.
An example of vitreal ERG recordings during the course of a single experiment are presented in Figure  4 . In this experiment the superior artery was occluded at the disk, and probably 25% of the retina was affected by the occlusion, which lasted 107 minutes. The top two panels of the figure show dark-adapted vitreal ERGs recorded before and during occlusion with the animal breathing air. During the occlusion, both the b-wave and the c-wave were attenuated.
The results of all of the experiments are summarized in the left and middle rasters in Figure 5 , and the means are presented in Table 1 . In 10 of the 12 episodes of occlusion, there was a clear decrease in bwave amplitude during occlusion while the cat was breathing air. The b-wave decreased significantly to 74% ± 14% of the preocclusion value ( Table 1) . The c-wave showed no significant change during occlusion (Table 1 ; P = 0.06; n = 12), but there was a trend overall to decrease.* The effects of hyperoxia on the vitreal ERG during occlusion are shown for a single cat in the bottom panel of Figure 4 . The b-wave recovered fully during hyperoxia, and the c-wave returned to near its preocclusion amplitude. The results for all cats are summarized on the far right of Figure 5 and in Table 1 . In every case, there was some improvement in b-wave amplitude when 100% O 2 was inspired during the occlusion, and it usually reached the preocclusion normoxic value. The hyperoxic b-wave amplitudes during occlusion reached 93 ± 13% of the preocclusion value (n = 11). They were significantly larger than the corresponding values during air breathing (P < 0.001; n = 11), and were not significantly different from the preocclusion normoxic values (Table 1 ). There was a small significant difference between the normoxic and hyperoxic cwave amplitudes during occlusion (P = 0.004; n = * It is surprising that the vitreal c-wave tended to decrease when the RPE c-wave often increased. This suggests that the transretinal component of the c-wave, which effectively subtracts from the RPE component to yield the vitreal response, must also have increased. This has to be left at a qualitative level, because measurements of the transretinal component require the assumption that the vitreal response is summed uniformly across the retina. This is not a good assumption during partial occlusion. 11) but no difference between the hyperoxic c-wave amplitudes during occlusion and the normoxic preocclusion amplitudes (Table 1) . Therefore, the increase in vitreal c-wave amplitude in response to hyperoxia during occlusion was simply a return of c-wave amplitude to its preocclusion value.
Relationship Between LERG Components and Vitreal ERG Components During Occlusion. Figure 6 shows the relationship between the maximum LERG b-wave and the vitreal b-wave during occlusion. When the LERG b-wave was at or near zero, the vitreal ERG b-wave was approximately 75% of its control value on average, which would be the simple prediction if the occlusion affected approximately 25% of the retinal area. Full recovery of the LERG b-wave was not necessary to achieve essentially complete recovery of the vitreal bwave, however. If the LERG b-wave was more than approximately 40% of its original value during occlusion, the chances were very good that no change in the vitreal b-wave would be detected. There was no such relationship between vitreal c-wave and RPE cwave amplitudes during occlusion.
Recovery of the LERG and Vitreal ERG After Occlusion. Because 10 of the 12 occlusions in this study were reversible, it was possible to evaluate the recovery of the retina after occlusion. In nine cases, final ERG-LERG series were recorded during air breathing at 92 ± 52 minutes after reperfusion (9 occlusions in 8 cats; Values are mean ± SD, in mV, before, during, and after occlusion of a retinal artery while the cat was breathing air or 100% O2. * Value is different from the corresponding before/air value at the P < 0.05 level based on a paired Mest. The number of paired values is given by the lower number of occlusion episodes in each of the paired sets. a hemorrhage in the retina after the occlusion prevented such recordings in the other experiment). In 7 of the 9 cases, the LERG b-wave partially survived the occlusion, although paired Rests showed that the maximum b-wave amplitude and the RPE c-wave amplitude were smaller than the preocclusion values (Table 1). The average LERG b-wave and RPE c-wave after reperfusion were 62% ± 36% and 78% ± 22% of the preocclusion amplitudes, respectively (n = 9). Without the two cases in which the b-wave did not recover (0% and 6% of the preocclusion amplitudes), the values of the LERG b-and c-waves were 79% ± 15% and 83% ± 36% of the preocclusion amplitudes (n = 7). The failure of b-wave amplitude to recover in these two cases may have been caused by the inability of 100% O 2 breathing to maintain it during occlusion. In those two cases, 100% O 2 breathing only maintained the b-wave amplitudes at 29% and 31% of the preocclusion values, compared to 58% ± 23% if there was some recovery (n = 6).
In all nine cats, there was at least partial recovery of the vitreal b-and c-waves after reperfusion. The bwave amplitude did not recover fully after occlusion (Table 1) , which parallels the failure of the LERG bwave to recover fully by the time of the final recordings. The b-wave amplitude recovered to 85% ± 19% of its preocclusion value (n = 9), and, because hyperoxia was able to restore the vitreal b-wave fully during occlusion, it seems reasonable to conclude that in most cases it might have recovered fully had it been monitored longer after reperfusion. The vitreal c-wave after the occlusion was 84% ± 24% of its preocclusion value (n = 9), which was not statistically smaller than the preocclusion value.
Retinal Oxygenation During Occlusion
Retinal PO 2 During Occlusion With the Cat Breathing Air. A PO 2 profile across the dark-adapted retina before occlusion during air breathing is shown in Figure  7 . There was a steep PO 2 gradient from the choriocapillaris to a minimum located at 35 fim from the choriocapillaris (approximately 80% depth). This corresponds to the photoreceptor inner segments, and the minimum was a result of the high oxygen consumption of the photoreceptors." The two peaks in this profile at 220 /im and 120 fim from the choriocapillaris (or 10% and 50% depth) indicated the presence of retinal capillaries. Therefore, oxygen supply from both the retinal and choroidal circulations was evident.
Occlusion of the retinal circulation during dark adaptation and air breathing resulted in the complete loss of the PO 2 peaks in the inner retina and a PO 2 of zero across the entire inner retina. In the outer retina, the high PO 2 at the choriocapillaris and the steep gradient to the inner segments were still evident.
Because photoreceptor QO 2 is maximal in the dark-adapted retina and decreases during light adaptation, 17 illumination of the retina might be expected to allow some oxygen to reach the ischemic tissue during occlusion. This prediction was correct, as shown by the PO 2 profiles recorded during dark and light adaptation in another cat (Fig. 8) . In this cat, in the dark-adapted retina, the PO 2 reached zero at approximately 70% depth, whereas die PO 2 in light adaptadon in this example remained above zero until approximately 40% depth, i.e., into the inner retina. This was the case in all four cats in which profiles were measured in light adaptation and normoxia during occlusion. Light adaptadon alone was never sufficient to allow oxygenadon of the full thickness of the inner retina.
To examine the oxygenation status of.the retina under the various experimental conditions, PO 2 levels across the retina were compared in all the cats. As described in Methods, outer retinal PO 2 in each profile was characterized by the choriocapillaris PO 2 , P C O 2 , and inner retinal PO 2 was characterized by die mean PO 2 at 0% to 25% depth and at 25% to 50% depth. The inner retina was divided into these two For the 21 cases in which ERG amplitudes were determined during several penetrations, the mean standard deviations for the b-and c-wave amplitudes were 4% ± 4% and 7% ± 6%, respectively. sublayers because they represent the areas supplied by the superficial and deep capillary beds of the retinal circulation. 27 These three PO 2 parameters are summarized for all experimental conditions in Table 2 .
Occlusion had no effect on PcO 2 during air breathing in darkness (Table 2) . In four cats, PcO2 was measured under both dark-and light-adapted conditions. Consistent with previous studies, 18 illumination did not affect PcOa during air breathing before, during, or after occlusion. In those four cats, however, the P C O 2 during air breathing in light was lower during occlusion than before (Table 2) . This is not because the occlusion value was unusually low but, rather, because the preocclusion value was slightly higher in light than in darkness. The change in PO 2 in the dark-adapted inner retina for all 12 occlusions is shown in the two left rasters of Figure 9 and in the two right columns of Table 2 . Consistent with the profiles in Figure 7 , the mean PO 2 was lower during occlusion in both the distal (25% to 50% depth) and proximal (0% to 25% depth) portions of the inner retina in darkness. The same result was found for the occlusions in the light-adapted retina. Inner retinal PO 2 decreased significantly from the preocclusion light-adapted values to almost zero in the 0% to 25% layer and in the more distal layer, indicating that light was not able to maintain inner retinal PO 2 at its preocclusion value. It was somewhat surprising that PO 2 in the distal half of the inner retina was below the preocclusion value because more oxygen was available from the outer retina in the light, and the point at which PO 2 reached zero was shifted proximally in the light (Fig. 8) . Diffusion modeling of these profiles showed that the most distal portion of the inner retina simply consumed the small amount of extra oxygen diffusing from the outer retina. Occlusion in Darkness. The effect of hyperoxia on retinal PO 2 in darkness is shown in Figure 10 . The P C O 2 was much higher than the value during air breathing.
There was no longer a minimum PO 2 in the outer retina; rather, there was a monotonic decrease across this half of the tissue. Before the occlusion the inner retina was well oxygenated, and there was direct evidence of the retinal circulation near the vitreal surface in this profile. In 12 of 23 profiles, PO2 peaks in the inner retina could not be seen, resulting in a monotonic decrease in PO 2 across the entire retina. Occlusion of the retinal circulation during hyperoxia in darkness resulted in PO 2 profiles that had approximately the same P C O 2 as the preocclusion profiles but always fell monotonically toward the vitreous (Fig. 10) . In this particular profile, the PO 2 over the last 30 /j,m was approximately zero, but in 13 of the 27 profiles the PO 2 never reached zero.
The changes in inner retinal PO 2 brought about by hyperoxia before any occlusion are also summarized in Table 2 . In the normal dark-adapted retina, hyperoxia increased the mean PO 2 in the more proximal quarter of the retina by 33 ± 28 mm Hg and in the more distal portion by 55 ± 31 mm Hg. Values are mean ± SD, in mm Hg, before, during, and after occlusion of a retinal artery while the cat was breathing air or 100% O 2 . In three dark-adapted and two light-adapted cases, arterial PO 2 was not determined, and the correct number appears in brackets. * Value is different from the corresponding before/air value at the P < 0.05 level based on a paired /-test. The number of paired values is given by the lower number of occlusion episodes in each of the paired sets. Not enough pairs were present to test the values during 100% O;. breathing and light adaptation. During occlusion, the inner retina was supplied with more oxygen during hyperoxia than during air breathing. As shown in Figure 9a , the inner retinal PO 2 at 25% to 50% depth increased during all 11 occlusions when the cat was ventilated with 100% O 2 (P < 0.001). In addition, the PO 2 in this half of the inner retina was always higher than the preocclusion normoxic PO 2 (P = 0.002; n = 11), implying that more than enough oxygen could reach this layer of the inner retina to supply its normal needs. Distance from choroid (/xm) FIGURE 10. Retinal PO2 profiles from a dark-adapted retina during 100% O 2 breathing before occlusion and during occlusion. Profiles from cat 116.
shows that the mean PO 2 at 0% to 25% depth, however, was sometimes lower than the preocclusion PO 2 , although it was never zero and was always higher than the PO 2 during occlusion while the cat was breathing air (P= 0.018; n = 11). Across cats, the average PO 2 in this layer was above the normoxic preocclusion value (Table 2 ), but the spread of mean PO 2 during occlusion and hyperoxia was large (Fig. 9 ). In 3 of 11 cases, the PO 2 was more than twice the preocclusion value, and in 4 cases, the PO 2 was <5 mm Hg. Effects of 100% O 2 Breathing and Light Adaptation on Retinal PO 2 During Occlusion. Up to this point, two different methods of possibly increasing the oxygen supply from the outer retina to the inner retina during occlusion-light adaptation and hyperoxia-have been examined separately. Figure 11 shows an example in which light adaptation and hyperoxia were employed together during occlusion of a retinal vessel.
Comparison of the two profiles shows that light adaptation increased PO 2 across most of the retina, but the PO 2 was still almost zero for approximately the last 20 fjxn.
Changes in inner retinal oxygenation in each cat are shown in Figure 12 . The PO 2 in the more distal layers of the inner retina increased during light adaptation in 4 of 5 cases. The mean PO 2 in this layer was significantly higher during light adaptation than dark adaptation by 25 ± 20 mm Hg (P = 0.048; n = 5), and one would expect that more oxygen would reach the most proximal layers of the retina under these conditions. Surprisingly, there was no statistical difference in the dark-adapted and light-adapted mean PO 2 nal Circulation. In 9 of the 10 reversible occlusions, the affected area reperfused immediately, and in the other case it reperfused within 18 minutes after removal of the occluder. In many tissues, such as the myocardium, there is significant plugging of capillaries by leukocytes after episodes of ischemia, resulting in a phenomenon known as "no reflow."
z9 If this phenomenon occurred in the retina after occlusion or if the affected vasculature had been severely damaged, one might expect to see such damage manifested in less perfusion and lower PO 2 in the inner retina. There was, however, no difference in mean PO 2 at either the 25% to 50% depth or the 0% to 25% depth before and after occlusion when the animal was breathing air (Table 2 ). In all profiles recorded after reperfusion, there was always some indication of circulation in the inner retina. It should be noted, however, that reperfusion was probably facilitated in these animals because of the regular use of heparin in the drug infusions (approximately 1 U/ml).
Retinal Thickness During Occlusion. If the occlusion caused edema of the retinal tissue, this might have been evidenced by increased retinal thickness, but no difference was observed. Before occlusion, the average penetration thickness was 193 ± 28 //m (mean ± SD; n = 84 profiles). Thicknesses during and after occlusion were 197 ± 33 //m (n = 57) and 196 ± 40 fim (n = 31), respectively. These averages included values from both normoxic and hyperoxic profiles. Thus, there was no evidence of substantial edema during or after the occlusion, although more subde shifts between extracellular and intracellular fluids without a concomitant increase in total volume cannot be ruled out.
Effects of Occlusion on Photoreceptor QO 2
To investigate photoreceptor QO 2 during retinal artery occlusion, that portion of each PO 2 profile corre- sponding to the outer retina was fitted to the threelayer model of Haugh et al. 24 The model fitted the data very well. The root-mean-square error for the normoxic profiles was 1.07 ± 0.43 mm Hg (n = 103; mean ± SD), and for the hyperoxic profiles it was 2.15 ± 0.83 mm Hg (n = 65).
The mean photoreceptor QO a (Q, v ) values for all experimental conditions are shown in Figure 13 . These values were obtained by determining the average Qa V value for a given occlusion episode for those specific conditions. The number of values averaged in each cat ranged from one to nine. Typically, only one Q;i V value was obtained under dark-adapted, normoxic conditions during each occlusion. These individual means were then averaged to arrive at the values shown. The presentation of the results in this manner gives a good idea of the average 0^. values, but differences between conditions were more rigorously tested using paired Hests.
An interesting finding was that QO 2 of the darkadapted photoreceptors was lower during occlusion than before occlusion when the animal was breathing air (bars 1 versus 3). A decrease in Q^ occurred in 9 of the 12 occlusions and was highly significant in a paired t-test (P = 0.004; n = 12). For these paired data, Q^ decreased by 27% from 4.9 ± 1.9 to 3.6 ± 1.4 ml O 2 /(100 g-min). This result suggests that the choroidal circulation alone could often not support the high rate of photoreceptor oxygen consumption while the animal was breathing air. This is not entirely unexpected because photoreceptors in the cat receive approximately 10% of the oxygen they consume from the retinal circulation under dark-adapted, normoxic conditions.' 8 For the 11 cats in this study, the average contribution of the retinal circulation to photoreceptor oxygen demand was calculated as previously described. 18 In the dark-adapted normoxic retina before any occlusion, 6.5% ± 5.7% of the oxygen used by the photoreceptors was supplied by the retinal circulation (mean ± SD; n = 46 profiles).
Because Q, 1V normally decreases in the light, lightadapted photoreceptors are not typically dependent on the retinal circulation. Under normoxic conditions, Linsenmeier and Braun reported that only 10% of the profiles recorded in light adaptation showed any oxygen supply to the photoreceptors from the retinal circulation. 18 In this study, none of the 11 preocclusion profiles recorded from the light-adapted retina during air breathing exhibited any oxygen flux into the outer retina from the inner retina. Therefore, if the reason for the decrease in photoreceptor QO2 in darkness was indeed primarily the loss of oxygen supply from the inner retina, one would expect no change in Q^ during occlusion under light-adapted conditions. A paired comparison between Qa V before and during occlusion on air showed that there was no significant difference between the values (bars 2 versus 4;NS; n= 4).
Although photoreceptor QO 2 decreased during occlusion of the retinal circulation while the animal was breathing air, there was no permanent change in Q^v brought about by the occlusion (bars 1 versus 5; NS;n = 9).
Light adaptation has already been found to decrease photoreceptor QO 2 .
17 ' 18 This was also the case in these experiments under all conditions shown in Figure 13 . In the four cats in which darklight paired measurements were made, Q^, decreased during illumination (P = 0.019; n = 4) by 49% ± 13% (mean ± SD) when the animal was breathing air before the occlusion (bars 1 versus 2). The same decrease in Gv, v of 49% ± 10% on illumination was found during occlusion when the animal breathed air (bars 3 versus 4; P = 0.021; n = 4). Thus, in this respect, the photoreceptors functioned normally during occlusion.
Before occlusion, hyperoxia had no effect on Gv, v (bars 1 versus 7; NS; n = 8), agreeing with previous results. 31 The values of Q^, during occlusion, while the animal was hyperoxic, also were not different from the preocclusion normoxic values (bars 1 versus 9; NS; n = 10). Thus, apparently 100% O 2 breathing was able to maintain normal outer retinal QO 2 during occlusion. It should be noted, however, that Qy V during occlusion was not different when the animal was breathing air than when it was breathing 100% O 2 (bars 3 versus 9; NS; n = 10). Therefore, this leaves some uncertainty about the role of 100% O 2 in restoring outer retinal QO 2 during occlusion.
Correlation Between Retinal PO 2 and LERG faWave Amplitude
It was shown in Figure 3 that occlusion of a portion of the retinal circulation obliterated the LERG bwave during air breathing but that the LERG b-wave could be at least partially restored by hyperoxia. In Figure 14 , the mean PO 2 at 25% to 50% depth and the corresponding LERG b-wave amplitudes from each cat during occlusion are presented along with two regression lines. The solid line is a regression of the data obtained during both air and 100% O 2 breathing, and the dashed line is the regression for the hyperoxic data only. The slope of the line for all data was significantly different from zero (P < 0.001). When only the hyperoxic data were considered, however, the slope was not different from zero (NS). Thus, when the mean PO 2 was more than approximately 20 mm Hg at 25% to 50% depth, the b-wave existed, but its amplitude was not related to PO 2 . Even PO 2 levels far above the normal inner retinal PO 2 were not sufficient to restore the b-wave fully. A correlation of LERG b-wave amplitude and the mean PO 2 between 0% to 25% depth yielded similar results. Regression of all data yielded a significant correlation (r = 0.496; P = 0.016), but regression of only the hyperoxic data showed no correlation (r = 0.084; NS). Figure 9b shows that there were five cats in which hyperoxia restored the mean PO 2 in this interval to normal during occlusion (>10 mm Hg). For these five cats, in which the entire retina received adequate oxygen, the average recovery of the b-wave was only 56.0% ± 27.6% (mean ± SD). 
DISCUSSION
Occlusion Technique
In this study, only one retinal artery was occluded, whereas the rest of the circulation remained intact. Occlusion of only one retinal vessel avoided damage and edema caused by pressing on the entire disk. When a retinal vein was accidentally occluded in addition to the retinal artery, hemorrhaging of the vessels was typically noticed several disk diameters from the optic disk. When only the artery was occluded, no such hemorrhages were seen and the retina usually appeared ophthalmoscopically normal after the occlusion.
Retinal Function During Occlusion: LERG and Vitreal ERG
A major goal of this study was to investigate local retinal function during retinal artery occlusion and to correlate function with local PO 2 . Retinal function was evaluated globally and in the affected area by examining the vitreal ERG and the LERG, respectively. Although changes in the vitreal or corneal b-wave often are correlated poorly with changes in neural activity, 32 and even the LERG is a less desirable measure of function than the response of retinal ganglion cells, ERGs were studied here for several reasons. First, responses of individual neurons could not be feasibly measured under our experimental conditions. Second, the ERG has been the principal test for retinal function during retinal artery occlusion, 310 ' 33 " 37 and thus the results reported here can meaningfully be compared to those in other studies. Finally, although not perfectly correlated with ganglion cell activity, the b-wave of the LERG certainly is related to activity in the middle retinal layers and provides some information on function. The b-wave, however, is not solely dependent on the cells of the middle retina; it would also be affected by a problem with the photoreceptors. Although it was not feasible to evaluate the a-wave in this study, the status of photoreceptor oxidative metabolism was determined and could be used as a measure of photoreceptor function. Nevertheless, if the b-wave is abnormal, retinal function must be different in some respect than under normal conditions. Effects of Occlusion on the LERG. As expected, the LERG b-wave was very sensitive to the occlusion. During air breathing, the b-wave was obliterated. This agrees with previous results in monkey and cat during total occlusion of the retinal circulation. 9 Hyperoxia restored the b-wave to a portion of its initial amplitude. The failure of the b-wave to recover more completely was not due to oxygen toxicity because hyperoxia before occlusion had no effect on the amplitude of the b-wave (Table 1) . It was also not due to damage caused by an earlier period of air breathing during occlusion because, in 7 of the 12 cases, the animal was not allowed to breathe air until late in the occlusion episode (e.g., Fig. 1) .
The mere existence of the b-wave depended on the presence of oxygen in the inner retina, but its amplitude was not a function of the mean local PO 2 (Fig. 14) . Even when inner retinal PO 2 was above the preocclusion value, the b-wave was rarely normal, indicating that the b-wave was affected by other factors during occlusion. Although this idea has been suggested previously, 13 the present results provide the only available support for it. The challenge now is to determine what those factors are so that the occlusioninduced changes in retinal function can be better understood. One possible factor may be local acidosis because it has already been shown that a decrease in pH within the retinal tissue results in a decrease in bwave amplitude in the cat.
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After reperfusion of the retinal circulation, the LERG b-wave amplitude at least partially recovered (i.e., greater than 10% of its preocclusion value) in 6 out of 8 cases when hyperoxia had been administered during occlusion, even though not much time was allowed for recovery. In these six experiments, the occlusions lasted 135 ± 58 minutes (mean ± SD; n = 6 occlusions in 5 cats), and the final LERG series was recorded only 98 ± 63 minutes after reperfusion. On average, the LERG b-wave recovered to 80% ± 16% of the preocclusion value and was greater than 82% in three cases. This can be compared with the recovery in the absence of hyperoxia, where the vitreal b-wave in one of two monkeys returned to only 71% of its preocclusion value 130 minutes after reperfusion after a central retinal artery occlusion of 120 minutes. 40 In the other monkey, there was no recover)' of the bwave. In another study on monkeys, the b-wave took anywhere from 2.25 hours to 1 day to reach its preocclusion value after reperfusion of the central retinal artery that had been occluded for 135 minutes. 3 Although hyperoxic treatment cannot completely maintain normal retinal function during retinal artery occlusion, these results suggest that it may help the retina survive the insult better or recover more rapidly than if the animal breathes air.
The occasional changes in the RPE c-wave during occlusion were not as consistent as those in the bwave. Statistically, there was no difference between the amplitude of the RPE c-wave before and during occlusion when the animals were breathing air, but it is difficult to simply dismiss the large increase in the amplitude of the RPE c-wave that was seen in 5 of 12 occlusions (Fig. 3) . In these cases, the amplitude nearly returned to normal when 100% O 2 was given during the occlusion, so the increase and the recovery appeared to be oxygen-dependent rather than oxygen-independent effects of the occlusion. The increase in the RPE c-wave could be partially explained by the decrease in photoreceptor QO 2 during occlusion in darkness (Fig. 13) . A decrease in photoreceptor QO 2 also occurs during hypoxemia 18 and has been linked to an increase in the RPE c-wave under such conditions. 41 Whether photoreceptor electrical function was changed during occlusion could not be determined in this study with the same stimulus used to investigate the other ERG components. Although it could not be statistically proven in this study, it is probable that hyperoxia normalized the photoreceptor QO 2 during occlusion, probably allowing the cwave to recover. Other parameters, such as pH, probably changed during the occlusion as well, and these may have contributed to c-wave amplitude changes.
Effects of Occlusion on the Vitreal ERG. In this study, 15% to 25% of the retinal area was estimated to be affected by the occlusion. This corresponded well to the 26% decrease in vitreal b-wave amplitude found during occlusion when the animal breathed air. Thus, the abolition of the LERG b-wave in the affected tissue during normoxia was manifested in the vitreal b-wave, and the decrease was approximately proportional to the size of the affected area. The recovery of the LERG b-wave during hyperoxia was substantial enough that no change was evident in the vitreal b-wave, confirming results of earlier studies.
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It is important to note that the vitreal ERG is not a sensitive index of retinal function in an occlusion affecting only a portion of the retinal circulation. The vitreal ERG appeared essentially normal during occlu-sion when the animal was breathing 100% O 2 , although serious abnormalities in local responses were evident (Fig. 6) . Therefore, the use of the recovery of the vitreal ERG as a criterion for retinal activity during partial occlusion may have led to erroneous conclusions about the ability of hyperoxia to restore retinal function in previous studies.
Retinal Oxygenation During Occlusion
Outer Retina. Another major goal of this work was to evaluate the oxygenation of the retina during occlusion under both normal and hyperoxic conditions. In the outer retina, the situation was abnormal only when the animal was breathing air during dark adaptation. Under these conditions, the choriocapillaris could not provide enough oxygen for normal photoreceptor metabolism, but it was surprising that photoreceptor QO2 decreased by much more than the amount that had been supplied by the retinal circulation. In 5 of the 12 occlusions, Q; 1V decreased by more than 30% although the retinal circulation had been supplying only approximately 7% of the oxygen before the occlusion. The explanation for this may be that the flux of oxygen into the outer retina from the choriocapillaris also decreased during some of the occlusions. Although Pco 2 was not significantly different before and during occlusions, it decreased by 20% or more during 5 of the 12 occlusions. Because decreases in Pco 2 also decrease Qa V , 18 the exaggerated decrease in photoreceptor QO 2 was probably a result of the decrease in Pco 2 in some cases. It is also possible that a diffusible substance was liberated in the inner retina during the occlusion and that it reduced the photoreceptor metabolism. Light adaptation protected the photoreceptors by reducing their QO 2 . Hyperoxia increased choriocapillaris PO 2 , and there was no change in outer retinal QO 2 during occlusion relative to the preocclusion air value.
Inner Retina. Occlusion during inspiration of air caused the inner retina to be anoxic during light and dark adaptation. During hyperoxia, the higher choriocapillaris PO 2 consistently allowed the mean PO 2 in the more distal half of the inner retina to reach levels higher than normal even in dark adaptation, and in some cases the choriocapillaris also supplied enough oxygen to maintain PO 2 s well above zero in the proximal quarter of the retina. In other cases, however, the PO 2 remained zero in the part of the proximal retina closest to the vitreous. Whether this local anoxia would also occur in the human is not clear. The QO 2 of the photoreceptor layers may be lower in monkeys than in cats, 42 so the situation could be better in primates.
It was expected that light would increase the chances of oxygenating the inner retina during 100% O 2 breathing by decreasing photoreceptor QO 2 . Illumination led to an increase in the mean PO 2 in the distal half of the inner retina, but the mean PO 2 in the most proximal layer was not significantly higher in light adaptation than it was in darkness. This result, obtained by recording profiles in light and dark adaptation, was substantiated by the finding that there was little or no transient change in PO 2 in the innermost part of the retina during a period of illumination. 43 Light adaptation, therefore, failed to provide the protection of the inner retina that was expected. The explanation for this is that the inner retina was just too thick for the extra oxygen to make a difference. Although illumination did not reduce photoreceptor metabolism enough to allow the entire retina to be oxygenated, it did allow the PO 2 to increase across most of the tissue, as expected.
The results reported here can be compared with those from other studies of inner retinal oxygenation during occlusion. The finding that the retinal circulation was necessary to maintain a nonzero PO 2 in the inner retina in darkness or light during air breathing is not surprising and agrees with the results of other investigators. Stefansson et al showed a decrease in preretinal PO 2 from approximately 30 mm Hg to 1 mm Hg in the cat when the retinal circulation was occluded. 44 Alder et al' 3 measured inner retinal PO 2 in the inner retina of the light-adapted cat with the retinal circulation occluded, and similarly found that the PO 2 in the inner 40% of the tissue was zero.
The results found during hyperoxia, however, do not agree with all of the other previous work. In the only other study in which intraretinal PO 2 was measured during retinal artery occlusion, Alder et al 13 concluded that hyperoxia always maintained PO 2 well above zero throughout the entire retina. They reported a PO 2 at the internal limiting membrane of 24.6 ± 10.4 mm Hg (mean ± SD). In this study, most of the retina could be adequately oxygenated during hyperoxia, but the PO 2 was below 5 mm Hg at the internal limiting membrane in 3 of the 5 occlusions in which light was used. The difference in inner retinal PO 2 between the two studies is at least partially due to differences between arterial and choriocapillaris PO 2 . Alder et al 13 found a mean P C O 2 of 405 ± 64 mm Hg (mean ± SD) and an arterial PO 2 of 583 ± 62 mm Hg. The corresponding values in the present study were a choriocapillaris PO 2 of 248 ± 45 mm Hg (10 profiles) during occlusion in the light, and arterial PO 2 s of 400 ± 91 mm Hg. The values here are in good agreement with those reported by others. Linsenmeier and Yancey 25 reported a P C O 2 of 264 ± 142 mm Hg (mean ± SD) in the dark-adapted cat retina. Pournaras et al 45 found a P C O 2 of 220 ± 21 mm Hg (mean ± SEM) in the miniature pig during hyperoxia. Using average values of retinal oxygen consumption and an oxygen diffusion model presented in the accompanying article, 43 it can be shown that a There are two studies in which preretinal PO2 was measured' during retinal artery occlusion while animals breathed 100% O 2 . Landers 11 reported that 100% O 2 at atmospheric pressure was sufficient to maintain preretinal PO 2 above normal preocclusion levels during branch retinal artery occlusion and total occlusion of the retinal circulation in cats and monkeys. That study is somewhat difficult to evaluate because the choriocapillaris PO 2 was not known. One potentially important difference was that the PO 2 measurements made by Landers were made while the animals were under methoxyflurane anesthesia," which is known to reduce brain QQ2 in humans. 46 If this inhalation anesthetic decreased retinal QO 2 as well, one would expect more oxygen to reach the vitreous. In another study, Tsacopolous et al 14 detected no increase in preretinal PO 2 in the affected area of the miniature pig during ventilation with 100% O 2 after occlusion of retinal arterioles with arterially injected 60 ^urn-diameter microspheres. Unfortunately, no information on the concentration of microspheres used was given, and the choroidal circulation may have been slightly affected as well.
Treatment of Retinal Artery Occlusion by 100%
O 2 Breathing
Another major goal of this study was to evaluate the efficacy of hyperoxic treatment during retinal artery occlusion. There have been conflicting results, both clinical and experimental, on the effectiveness of this therapy (see introduction). The lukewarm clinical response to oxygen therapy 815 may be related to the observations made here that hyperoxia cannot fully maintain the ERG or retinal oxygenation. Therefore, it appears that some other therapy in addition to hyperoxia is necessary to keep retinal activity at normal levels. Nevertheless, hyperoxia alone provided substantial protection for the retina during occlusion.
Although the danger of generalizing from cat to human is recognized, it seems that oxygen treatment would probably help the retina survive an ischemic insult, and some protocol for a therapy needs to be developed. Although in the clinical studies reported in the literature the duration of oxygen therapy is not always clearly given, oxygen has not been used continuously throughout the occlusion. Rather, the oxygen has usually been presented in brief episodes. A real effort at improving retinal oxygenation would require that patients receive oxygen for a much greater percentage of the occlusion. This has apparently not been done for several reasons. First, there is the fear of oxygen toxicity as a result of such therapy. However, photoreceptor oxygen consumption returned to normal here after approximately 2 hours of hyperoxia and the b-wave typically recovered as well, so there is no evidence of toxicity for these durations. Second, oxygen is known to cause a vasoconstriction of the retinal vessels, reducing the cross-sectional area of the vessels by roughly 25%. 47 This would oppose the action of mechanical and chemical techniques used to dislodge the clot that usually causes an occlusion. To counteract this effect of oxygen, 5% CO 2 can be given as well, but this leads to some hypercapnia. 48 In this study, light adaptation during hyperoxia was found to increase PO 2 across much of the inner retina compared to that seen in darkness, but it could not significantly improve the PO 2 in the retinal layers closest to the vitreous. Nevertheless, light is known to decrease glucose consumption in the outer retina, 49 and this would consequently increase the amount of glucose reaching the inner retina. Because glucose has been shown to have a protective effect during retinal ischemia, 50 it might be beneficial to include periods of illumination in the therapy, as long as the light remains below the level that would cause damage. 51 It was found in this study that even complete oxygenation of the retina does not fully restore the b-wave (Fig. 14) . Therefore, hyperbaric oxygenation, which would definitely supply oxygen to the entire retina, does not seem to be indicated. A rational approach that takes these points into consideration should be worked out and tested. As a start, we suggest ventilating the patient with a mixture of 95% O 2 and 5% CO 2 for perhaps 75% of the time during the occlusion, recognizing that compensatory changes for this respiratory acidosis will occur. Clearly, early treatment is desirable, although there are some cases in which retinal function has recovered after surprisingly long occlusive episodes. 3 Therefore, the therapy might be worth trying regardless of the occlusion duration before treatment.
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